Intrinsic spinal networks, known as central pattern generators (CPGs), control the timing and pattern of the muscle activity underlying locomotion in mammals. This review discusses new advances in understanding the mammalian CPGs with a focus on experiments that address the overall network structure as well as the identification of CPG neurons. I address the identification of excitatory CPG neurons and their role in rhythm generation, the organization of flexor-extensor networks, and the diverse role of commissural interneurons in coordinating left-right movements. Molecular and genetic approaches that have the potential to elucidate the function of populations of CPG interneurons are also discussed. 
INTRODUCTION
Locomotor behaviors (such as flying, swimming, or walking) are fundamental motor acts that give animals and humans the ability to move. Such motor acts involve the activation of many muscles. Localized neuronal networks called central pattern generators (CPGs) generate much of the timing and pattern of these complex, rhythmic, coordinated muscle activities. CPGs controlling locomotion are located in the spinal cord and are found in all vertebrates, including humans. When locomotion starts, activity in the CPG is turned on and maintained by inputs from descending locomotor commands originating from neurons in the brainstem and midbrain. However, it is the neurons in the locomotor CPG that generate the rhythm and pattern of muscle contraction. Research over the last 20-25 years in two nonmammalian vertebrate species, the lamprey and the Xenopus tadpole, has provided a detailed network structure of CPGs controlling swimming as well as many of the details of the cellular and synaptic mechanisms of swimming CPG function and its modulation (Grillner 2003 , McLean et al. 2000 , Roberts et al. 1998 . Compared with this extensive knowledge, less is known about locomotor CPGs in mammals (Clarac et al. 2004 , Hultborn et al. 1998 , McCrea 1998 , despite the fact that the walking CPG in mammals was first studied almost 100 years ago (Brown 1911) . New knowledge on the mammalian locomotor CPGs is, however, advancing rapidly.
Here I discuss some of these advances with a focus on experiments that address the overall structure of the spinal locomotor networks as well as the identification of CPG neurons. Such knowledge is the foundation for understanding the function of the mammalian locomotor CPGs, including how the brain can activate the network and how cellular and synaptic properties as well as neuromodulation contribute to the rhythmicity. Because of the large number of cells present in the mammalian spinal cord, this knowledge cannot be simply obtained with the classical electrophysiological and anatomical techniques that have been successfully used in smaller motor systems to crack the network structure. This review therefore also includes discussions of new molecular and genetic strategies that, when combined with a classical approach to network analysis, hold promise to give unprecedented insight into the network structure. In this aspect locomotor CPGs are ideal model systems for studies of complex neuronal networks because they produce measurable outputs that directly relate network activity with actual behavior. Moreover, the basic mechanism for CPG function might very well be conserved in cortical networks that control more complex behaviors (Yuste et al. 2005) . Understanding the locomotor CPG in mammals is also an important step in improving clinical neuro-rehabilitation of patients with spinal cord injury (Edgerton et al. 2004 , Rossignol et al. 1998 . Without understanding the neuronal circuits in the spinal cord that produce motor behaviors, it is difficult to design better therapies to improve them after spinal lesions.
LOCALIZATION OF THE LOCOMOTOR CENTRAL PATTERN GENERATOR
Early studies showed that the lumbar spinal cord contains sufficient neuronal elements to produce the precise timing and activation of the large number of hindlimb muscles active during locomotion (see Grillner 1981) . Similarly, forelimb locomotion is controlled by locomotor networks located in the cervical spinal cord. What these initial studies did not answer, however, is the following: What is the extent of the CPG circuits in the lumbar or cervical spinal cord in the longitudinal and transverse planes? This apparently simple question has fostered a large number of studies over the years and led to conflicting results regarding the distribution of the spinal locomotor network. Most studies have focused on those networks controlling hindlimb locomo-
CPG: central pattern generator
Rhythmogenic capacity: alludes to the capability of CPG elements to generate a rhythm Drug-induced rhythmic activity: the isolated spinal cord of newborn rodents can produce a rhythmic motor output when exposed to rhythmogenic transmitter agonists such as 5-HT, NMDA, noradrenalin, and dopamine, alone or in combinations tion, and the discussion here is restricted to these studies. Grillner & Zangger (1979) first addressed the rostrocaudal extent of the rhythmogenic capacity of the hindlimb locomotor CPG network in mammals by using transverse sectioning of the cord in the cat. Alternating rhythmic activity could be evoked in ankle flexors and extensors when the caudal lumbar cord, the L6-S1 segments, was isolated from the rest of the cord, suggesting the rhythmogenic capacity in the CPG controlling hindlimb locomotion is distributed throughout the lumbar enlargement (L3-S1 in cats). Results from a number of different laboratories using the isolated spinal cord preparation from newborn rodents (rats or mice) and studying spontaneous or drug-induced rhythmic activity before and after transverse trans-sectioning at different spinal levels concur with this idea (Bonnot & Morin 1998 , Bonnot et al. 2002 , Bracci et al. 1996a , Christie & Whelan 2005 , Cowley & Schmidt 1997 , Gabbay et al. 2002 , Kjaerulff & Kiehn 1996 , Kremer & Lev-Tov 1997 , Kudo & Yamada 1987 . Similar results have also been obtained for spontaneous rhythmic activity in the chick (Ho & O'Donovan 1993) and for rhythmic scratching in the turtle (Mortin & Stein 1989 ) and cat (Deliagina et al. 1983) .
Longitudinal Distribution
What is clear from all of these experiments, however, is that there is a difference between rostral and caudal segments in their rhythmogenic capacity. Rostral lumbar segments (L1-L3 in rodents, L3-L5 in cats, and D7-D10 in turtles) have a greater capacity to generate rhythmic motor output in isolation than caudal segments (L4-L6, L6-S1, and S1-S2, respectively). Together these studies suggest that the rhythmogenic capacity of the mammalian hindlimb locomotor CPG is distributed along the lumbar cord but with a rostrocaudal excitability gradient. A greater proportion of intraspinal inputs to rostral segments than to caudal segments may be one
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N-methyl-d-aspartic acid cause of this gradient (Berkowitz 2004 ). Another possibility is differential modulation of rhythmogenic networks in the rostral and caudal cord by neuromodulatory substances. A recent study has shown that 5-hydroxytryptamine (5-HT) and dopamine, when used together in concentrations that produce stable locomotor activity, set up a rostrocaudal gradient of excitability in the mouse spinal cord, possibly owing to differential distribution of receptors or receptive neurons along the cord (Christie & Whelan 2005) . These findings suggest a rhythmogenic network with a rostrocaudal gradient is a requirement for producing a stable locomotor output.
A different image of the rhythmogenic capacity in the hindlimb enlargements in mammals emerged from studies in the neonatal rat using a partitioning setup, where the upper and lower lumbar cord could be selectively exposed to rhythmogenic drugs (Bertrand & Cazalets 2002 , Cazalets et al. 1995 . Thus, when the upper lumbar enlargement (L1-L2) was exposed to a combination of 5-HT and N-methyl-d-aspartic acid (NMDA), rhythmic locomotor-like activity could be recorded in upper as well as in lower lumbar segments (although weaker in the lower), whereas when the same combination and concentration of drugs were both applied to the lower lumbar cord (L3-L6), only tonic activity was induced in lower lumbar segments. These observations led the authors to suggest that spinal interneurons directly involved in producing rhythmic activity are restricted to the T13 and L2, whereas the lower segments, where most of the motor neurons innervating the hindlimbs are located, have no rhythmogenic capacity. A similar conclusion was reached from experiments in intact adult rats. When the gray matter in L1-L2 was destroyed by kainate injection, the overground locomotor capability was greatly impaired whereas a kainate injection more caudally had much less of an effect on the locomotor capability of the intact rat (Magnuson et al. 2005) . This notion was qualified further in experiments in chronic spinal cats sectioned at Th13 (Langlet et al. 2005) . Such cats can be made to walk on a treadmill after extensive training and simultaneous stimulation with clonidine, a noradrenergic agonist, to improve the spinal locomotor capacity (Langlet et al. 2005) . In these experiments it was shown that the ability to walk under these conditions was lost after a second transverse sectioning at L4, indicating the midlumbar region (L3-L4) rostral to the hindlimb motor neurons is essential for the expression of locomotion.
How can these discrepancies be explained? As previously discussed (Kiehn & Kjaerulff 1998) it is likely the physical extent of the rhythmogenic capacity is dependent on the type and/or concentration of the transmitter agonists used to induce rhythmic activity. For example, in the rodent 5-HT alone can produce alternating rhythmic activity in the hindlimb when applied to the lower thoracicupper lumbar spinal cord but not to the lower lumbar cord (Cowley & Schmidt 1997) . In contrast, low concentrations of 5-HT [lower than those used in the partitioning experiments by Cazalets et al. (1995) ] in combination with NMDA, acetylcholine in combination with an acetylcholine esterase inhibitor, or noradrenalin alone are capable of inducing rhythmic activity in isolated parts of both the rostral and caudal lumbar cord (Cowley & Schmidt 1997 , Gabbay et al. 2002 , Kjaerulff & Kiehn 1996 . The likely explanation for these differences in rhythmogenic capacity in the newborn rodent is variation in the postsynaptic receptor distributions on spinal neurons (Liu & Jordan 2005 , Schmidt & Jordan 2000 , which would provide sufficient explanation for the reported differences. With regard to the experiments in adult rats (Magnuson et al. 2005) or cat (Langlet et al. 2005) , the loss of hindlimb locomotion after destroying the rostral lumbar cord or disconnecting it from caudal cord does not necessarily suggest that rostral segments contain all the rhythmogenic neurons needed to generate locomotion. An alternative explanation is that these segments contain rhythmogenic CPG interneurons that directly control hip movements. Without hip flexion the leg cannot be cleared off the ground, and overground walking will be severely impaired.
Transverse Distribution
Although there has been much discussion about the rostrocaudal extent of the rhythmogenic capacity, there is little disagreement about the distribution in the transverse plane. Activity-labeling studies (Cina & Hochman 2000 , Dai et al. 2005 , Kjaerulff et al. 1994 and electrophysiological evidence (see Tresch & Kiehn 1999) show that locomotor-related neurons are concentrated in a ventral location (laminae VII, VIII, and X), suggesting all the critical elements of the locomotor circuit in mammals are located there. This notion has been directly confirmed in microlesion studies in the rodent (Bracci et al. 1996a , Kjaerulff & Kiehn 1996 . Therefore, all studies of the neuronal elements in the mammalian CPG concentrate on the ventral spinal cord.
Consequences for Central Pattern Generator Layout
Taken together, the available evidence on the rhythmogenic capacity in the mammalian hindlimb CPG may be synthesized into one unified model: The rhythmogenic capacity is located ventrally in the cord and is distributed over the lumbar spinal cord and, at least in the rodent, into the lower thoracic spinal cord, with a greater capacity to generate a rhythm in rostral than in caudal segments. This rostrally biased organization is also found in other limbed vertebrates, such as the chick and turtle. The organizational principle suggests that instead of having one rhythm-generating core localized in the upper lumbar cord, the mammalian locomotor CPG is composed of multiple distributed rhythm-generating core networks /modules as originally proposed by Grillner (1981) . This segmental organization would then be similar to what has been found in fish (Grillner 2003) and what has been suggested for rhythmic scratching in turtles (Stein 2005) . The rhythm-generating core networks appear to be recruited into a functional unit forming one rhythmic network when locomotion is initiated, which would explain why evidence for independent burst generation is not seen under most experimental conditions (Lafreniere-Roula & McCrea 2005) , unless the cord is transsectioned. That the rhythmogenic capacity is highest in the rostral cord where hip motor neurons are located indicates the rhythmogenic network controlling hip movement acts as a leading oscillator, entraining more caudal and less excitable oscillators, for example, those controlling the knee and ankle (see Stein 2005 for a discussion). Such coupled networks have been previously described for the rhythm-generating networks controlling the circadian rhythm (Albrecht & Eichele 2003) and respiration (Mellen et al. 2003) .
KEY FEATURES OF THE WALKING CENTRAL PATTERN GENERATOR
The key features of walking are (a) the rhythm, (b) the ipsilateral coordination of flexors and extensors across the same or different joints in a limb, and (c) left/right coordination. These functions are all integrated in the fully functioning CPG. It might, however, be useful conceptually to consider these functions as generated by separate network structures or neuronal populations. This tripartite structure is considered in separate sections below: (a) excitatory rhythm generating circuits, (b) circuits involved in flexor-extensor coordination, and (c) left-right coordination circuits.
EXCITATORY
RHYTHM-GENERATING CIRCUITS
Ipsilaterally projecting last-order glutamatergic excitatory interneurons are most likely the source of rhythm generation in the tadpole and lamprey swimming CPGs (Grillner 2003 excitatory neurons are distributed segmentally along the cord and seem to function as burst-generating units that provide rhythmic, excitatory, glutamatergic synaptic drive to motor neurons and other ipsilateral inhibitory and left-right coordinating CPG neurons in each segment. Experiments blocking inhibitory synaptic mechanisms in the lamprey hemicord show that crossed inhibitory activity and ipsilateral inhibitory interneurons are not needed for rhythm generation (Cangiano & Grillner 2003 . Similar results have been obtained in the rodent (Bonnot et al. 2002 , Bracci et al. 1996b , Kjaerulff & Kiehn 1997 , Kremer & Lev-Tov 1997 and cat (Kato 1987 , Noga et al. 1987 ). This suggests excitatory networks are responsible for rhythm generation in the mammalian spinal cord and exclude a half-center organization where interneurons related to flexor activity and interneurons related to extensor activity are lumped into two modules and the reciprocal inhibition between these half-center modules is responsible for the rhythm (see Stein & Smith 1997 for a discussion of other reasons to discard the half-center model). Until now knowledge about the identity of excitatory interneurons in the mammalian spinal cord and their involvement in generating locomotion is, however, sparse.
Four Classes of Excitatory Interneurons Have Been Identified
Interneurons located in the lower lumbosacral region in the intermediate area of the spinal cord that project to extensor motor neurons in the same segment have been found to be rhythmically active during locomotion in the cat (Angel et al. 2005) . Based on their firing pattern and activation from extensor group I afferents (muscle spindles and tendon organs), they were proposed to be last-order excitatory interneurons and involved in supporting the extensor phase during locomotion. Direct evidence that these neurons are excitatory is, however, missing. Another group of potential excitatory CPG interneurons in the cat belongs to a population of neurons located in the intermediate zone in the midlumbar region (L3-L4). Using nonlocomoting preparations, Jankowska and colleagues originally characterized these neurons that receive strong inputs from group II muscle afferents, project to motor neurons located in the lower (L7) lumbar cord, and include last-order inhibitory and excitatory neurons (Cavallari et al. 1987; Edgley & Jankowska 1987a , 1987b . Shefchyk et al. (1990) showed that two-thirds of the group II cells are rhythmically active in the flexor phase during locomotion and are activated from the brainstem locomotor regions. Unfortunately Shefchyk et al. (1990) did not determine whether the cells they recorded from were excitatory or inhibitory. It is therefore difficult to determine to what extent the last-order excitatory midlumbar group II interneurons can be classified as locomotor-related interneurons.
Two series of studies using genetically modified mice have identified two other populations of putative mammalian excitatory CPG interneurons. The first series of studies used mice with targeted deletions in the genes for the axon guidance molecules ephrin receptor A4 (EphA4) and ephrin ligand B3 (ephrinB3) to identify a group of excitatory spinal interneurons rhythmically active during locomotion. ephA4 and ephrinB3 knockouts display a characteristic hopping, rabbit-like gait (Coonan et al. 2001; Dottori et al. 1998; Kullander et al. 2001a Kullander et al. , 2001b Yokoyama et al. 2001) , which is because of a genetic reconfiguration of the walking CPG (Kullander et al. 2003) (Figure 1a-c) . EphA4-positive neurons, whose cell bodies are located in the spinal cord, aberrantly cross the midline in ephA4 and ephrinB3 knockouts (Kullander et al. 2003) , apparently because ephrinB3 forms a midline barrier that normally prevents EphA4-positive spinal neurons from crossing the midline. When the inhibitory drive is chemically increased in mutant spinal cords, the synchronous hindlimb activity reverts to a normal, alternating pattern. These observations led to the hypothesis that at least some EphA4-positive spinal neurons are excitatory CPG neurons, whose projections normally remain ipsilateral but in mutants cross the midline and bind the activity of the two sides into synchrony. Recording from EphA4-positive cells has now demonstrated that the majority of interneurons expressing the EphA4 receptor in the ventral region of the mouse lumbar spinal cord are rhythmically active during locomotion (Butt et al. 2005) (Figure 1f ). A subset of these neurons provides mono-or polysynaptic excitation of motor neurons in the same segment ( Figure  1e ,h) and fires in an appropriate phase ( Figure  1g ) as to be involved in generating rhythmic, excitatory drive to segmental, ipsilaterally located motor neuron pools.
The second series of experiments has taken advantage of a transgenic mouse line where green fluorescent protein is expressed under the control of the transcription factor HB9 (basic helix-loop-helix domain containing, class B, 9) (Hinckley et al. 2005 , Wilson et al. 2005 . It has been known for some time that HB9 is expressed in motor neurons during embryonic life. The present studies show that HB9 protein is also expressed in a small cluster of interneurons close to the midline in the upper lumbar spinal cord (L1-L3) (Figure 2a ). HB9 cells express the vesicular glutamate transporter, VGLUT2 (Figure 2b ), and they are rhythmically active during locomotion (Figure 2c ). At the moment there is disagreement as to whether the HB9 interneurons make monosynaptic (Hinckley et al. 2005) or polysynaptic connections (Wilson et al. 2005 ) with motor neurons. Despite these discrepancies and the fact that it has not been shown directly that HB9 cells provide excitation of motor neurons, the overall picture of the HB9-positive interneurons strongly suggests they are involved in providing excitation to motor neurons during locomotion ( Figure 2d ).
As the HB9 cluster is located more medially in the rodent spinal cord than rhythmically active, excitatory EphA4 positive cells are, it is likely these excitatory neurons constitute two distinct neuronal populations. Moreover, the two rodent populations share few common characteristics in terms of laminar location and/or projections with the two neuronal populations described in the cat. This would imply, unlike the case in lamprey and tadpole, that more than one population of excitatory interneurons is involved in making up the mammalian locomotor CPG.
Role in Rhythm Generation
A pertinent question arising from these studies is if any of these interneuron populations are directly involved in generating the rhythm. The group I-activated extensorrelated interneurons lose their rhythmicity and become tonically active when flexor motor neurons momentarily drop out of the locomotor rhythm (owing to a decreased or absent drive from the flexor CPG). This behavior precludes that these interneurons are the prime drivers of the extensor motor neuron activity during locomotion. Their role seems to be to gate excitatory activity from movement-activated extensor muscle receptors onto extensor motor neurons during the stance phase and thereby contribute to the amplitude of the motor output. Edgley & Jankowska (1987b) proposed the midlumbar neurons to be involved in extensor-flexor transition during locomotion. Transition from stance (extension) to swing (flexion) happens when the hip is extended to an 80-90
• angle (Grillner & Rossignol 1978) and is influenced by sensory inputs from hip muscle and joint afferents. The midlumbar interneurons receive multisensory inputs from the muscles stretched at the end of the stance phase, and these interneurons may contribute to phase transition by way of the inhibition of extensors and/or the excitation of flexors. As reported by Shefchyk et al. (1990) , the firing in the flexor phase for the midlumbar interneurons is compatible with this hypothesis, suggesting at least some of the midlumbar interneurons provide rhythmic excitation www.annualreviews.org • Mammalian Locomotor CPGsof motor neurons during locomotion. But are they involved in generating the rhythm itself? It is impossible to answer this question directly for the midlumbar as well as for the HB9-and EphA4-positive populations at the moment because a proof of causality is lacking (see Genetic Network Cracking, below). Information about the overall layout of the locomotor CPG can, however, provide important additional clues as to whether these or any new populations of excitatory interneurons that might be described are directly involved in rhythm generation. For example, the distribution of rhythmogenic capacity along the cord precludes groups of locally projecting neurons restricted to one part of the cord such as the HB9 cluster as the sole source of rhythm generation in the hindlimb locomotor CPG.
To this end it is of interest to consider the recent proposal that the mammalian locomotor CPG has two layers: a rhythm-generating layer separated from a pattern-generating layer (coordinating flexor-extensor and leftright side activity) (Burke et al. 2001, 
EphrinB3
EphA4 Kriellaars et al. 1994 , Lafreniere-Roula & McCrea 2005 . In this two-layer model the neurons in the pattern-generating layer are projecting monosynaptically to motor neurons whereas the neurons in the rhythmgenerating layer are two or several synapses upstream from motor neurons and project directly to pattern-generating neurons. This layout significantly differs from the onelayer layout found in swimming CPGs where rhythm and pattern are embedded in a onelayer CPG (Grillner 2003 , Roberts et al. 1998 . Obviously, if the two-layer model is correct for the mammalian locomotor CPG, any rhythmically active excitatory interneurons with monosynaptic connections onto motor neurons would be excluded from being involved directly in rhythm generation and would belong to the pattern-generating layer (see Wilson et al. 2005) . Conversely, rhythmically active excitatory neurons with polysynaptic connections to motor neurons would be more likely candidates for being involved in rhythm generation in this model. The experimental evidence that has led to the proposal of the two-layer layout is threefold: (a) afferent perturbation can change motor pattern activity without influencing the rhythm (Burke et al. 2001) , (b) a change of amplitude in locomotor output can happen independently of a change in locomotor speed (Kriellaars et al. 1994) , and (c) "deletions" of muscle activity can be seen in individual muscles without resetting changes occurring in locomotor frequency (Lafreniere-Roula & McCrea 2005) . In all cases the argument is that the pattern can be changed independently of the rhythm. The observed motor output changes can, however, also be interpreted in a onelayer model: (a) independent regulation of motor output amplitude can occur as a consequence of presynaptic modulation or amplitude modulation in the rhythmogenic population of neurons, and (b) deletions and changes in motor pattern owing to afferent perturbation can be explained in CPG models with multiple burst generators (Stein 2005) where rhythm-generating neurons momentarily fall subthreshold for spiking but maintain their oscillatory activity (deletions) or are recruited in or out of the network by afferent input. It seems premature, therefore, to ascribe a role for excitatory neurons in rhythmogenesis based on mono-or polysynaptic connectivity to motor neurons.
There are also connectivity patterns and cellular properties that might provide indirect clues as to whether a population of excitatory cells is involved in rhythm generation. A general concept that has emerged from studies of the excitatory CPG neurons in the tadpole (Roberts et al. 1998) , the lamprey (Grillner 2003) , and the mammalian respiratory network (Smith et al. 2000) is that the excitatory interneurons are interconnected. Such an excitatory network can generate prolonged, persistent output when appropriately activated from an external source. For the HB9 cells anatomical evidence exists for such interconnectivity (Figure 2d ), whereas none of the other cell populations described in this section have been investigated in this way. Because the locomotor rhythm can be generated in the absence of inhibition, excitatory CPG neurons may have some intrinsic pacemaker-like properties , Smith et al. 2000 or some other set of voltagedependent membrane conductances that support rhythmic firing. Early studies in the rodent have shown that a minor percentage of unidentified neurons located in the ventromedial region close to the central canal can possess conditional pacemaker properties induced by certain rhythmogenic substances such as NMDA, 5-HT, and muscarine (Hochman et al. 1994 . Similar to these findings a subpopulation of the HB9-positive interneurons shows pacemaker properties or rhythmogenic ionic conductances after the application of rhythmogenic transmitter agonists such as NMDA, 
Another prediction from the lamprey and tadpole CPG network is that that the excitatory CPG responsible for the rhythm connects to all other CPG interneurons. It will therefore be as important to track connections to other spinal interneurons as to motor neurons to understand the function of the rhythm-generating network in the mammalian locomotor CPG.
CIRCUITS INVOLVED IN FLEXOR-EXTENSOR COORDINATION
Appropriate alternation between flexor and extensor motor neurons on the same side requires inhibitory networks. Thus flexor and extensor motor neurons receive rhythmic glycinergic inhibition alternating with rhythmic glutamatergic excitation (see Kiehn et al. 1997 , and references therein). When glycinergic inhibition is blocked, flexors and extensors are activated in synchrony (Beato & Nistri 1999 , Cazalets et al. 1998 , Cowley & Schmidt 1995 .
The nature of the inhibitory CPG networks controlling the ipsilateral coordination of flexors and extensors across the same or different joints in a limb is for the most part unknown. Part of the rhythmic inhibition comes from commissural interneurons (CINs) (see Circuits Involved in Left-Right Coordination, below). However, an appropriate activation between flexors and extensors is not dependent on crossing connections because it can persist in hemisected cords (Bonnot et al. 2002 , Kato 1987 , Kjaerulff & Kiehn 1997 ). These findings demonstrate that ipsilateral inhibitory networks are strongly involved in flexor-extensor coordination. coordination. Both types of cells are rhythmically active during locomotion (McCrea et al. 1980 , Noga et al. 1987 , Pratt & Jordan 1987 . RCs fire in phase with the motor neurons they receive collaterals from and extensor Ia-INs fire out of phase with extensor motor neurons, whereas flexor Ia-INs fire out of phase with flexor motor neurons. Based on these findings it has been proposed that the importance of RCs to the CPG is reserved to tuning the firing rates of motor neurons and contributing to burst termination whereas Ia-INs are likely involved in the rhythmic inhibition seen in motor neurons during locomotion and therefore are responsible for the flexor-extensor coordination (McCrea et al. 1980 , Noga et al. 1987 , Pratt & Jordan 1987 .
New knowledge from studies of neuronal populations expressing specific molecular markers has, however, challenged this view (Gosgnach et al. 2006) . Four different populations of interneurons can be identified in the ventral spinal cord based on their expression patterns of certain transcription factors. They are designated V0, V1, V2, and V3 neurons and are marked by the expression of transcription factors Evx1/2 (even-skipped homeobox genes), engrailed 1 (En1), GATA2-3 (GATA binding protein)/Chx10 (ceh-10 homeo domain containing homolog), and Sim1 (singleminded homolog 1), respectively (for review see Goulding et al. 2002 , Goulding & Pfaff 2005 , Jessell 2000 (Figure 3) . The development of the V1 population is controlled by paired box gene 6 (Pax6), another transcription factor expressed upstream from En1 during embryonic development. En1-expressing neurons are inhibitory, locally and ipsilaterally projecting, and give rise to RCs and IaINs (Biscoe et al. 1999 , Eriscon et al. 1997 , Sapir et al. 2004 . In mice where Pax6 is knocked out, the number of V1 interneurons is dramatically reduced (Sapir et al. 2004 ). These mice show slower walking and a less abrupt termination of the motor bursting (Gosgnach et al. 2006) (Figure 4) . A similar phenotype is found when V1 neurons are selectively killed by driving the expression of diphteria toxin A (DTA) by the En1 promotor (Figure 4) . This suggests V1 interneurons (and thereby RCs and Ia-INs) are involved in determining burst shape and duration. However, flexor-extensor coordination is preserved in Pax6 −/− and En1-DTA mice, even in the hemicord, and motor neurons still receive rhythmic inhibition. These experiments show that even when the RCs, IaINs, and crossed inhibitory input are greatly reduced or absent, it is still possible to produce an alternating flexor-extensor rhythm, suggesting the existence of local, ipsilateral inhibitory interneurons not yet identified as responsible for the flexor-extensor alternation. A major aim of future studies should therefore be to identify this population of interneurons directly involved in flexor-extensor coordination in the mammalian locomotor CPG, a population of cells that that has no counterpart in the lamprey, tadpole, or zebrafish swimming CPGs.
The step cycle was dramatically increased in Pax6 −/− and En1-DTA mice (Figure 4 ) as compared with controls. This surprising finding indicates that the ipsilateral inhibitory network belonging to the V1 population is involved in setting the locomotor frequency, possibly by a feedback mechanism to the rhythm-generating network. Because RCs and Ia-INs do not project to any other interneurons besides other RCs and IaINs, unidentified V1 interneurons must be involved in this feedback. The exact mechanism for the slowing effect is at the moment unclear. However, En1-positive interneurons in tadpole and zebrafish recently have been found to have direct connections to excitatory and commissural CPG neurons, as well as motor neurons and sensory interneurons. In tadpole and zebrafish En1-positive cells make up all ipsilaterally projecting inhibitory interneurons and form a morphologically and physiologically homogeneous population of neurons , Li et al. 2004 . In these animals the En1 neurons are (2000) and Goulding & Pfaff (2005) . FP, floor plate; RP, roof plate. not responsible for the midcycle inhibition underlying left-right alternation but prevent sustained firing by providing early rhythmic inhibition. Removing such an inhibition is likely to cause longer bursting in all CPG neurons and impose a slowing effect on the step period. Although En1 neurons clearly do not constitute a homogeneous population of neurons in mammals, En1 neurons as a meta-class of neurons may have preserved some if not all of their phylogenetic older characteristics in mammals but now may be subdivided into several neuronal populations.
CIRCUITS INVOLVED IN LEFT-RIGHT COORDINATION
Muscle activity on the left and right side of the body is precisely coordinated during locomotion to secure alternation of corresponding muscles on either side of the body (e.g., hip flexors) as seen during walking or synchrony as seen during galloping. The neuronal circuits responsible for left-right coordination are CINs whose axons cross the midline via the ventral commissure. These neurons have recently been studied extensively in the rodent and cat spinal cord partly because they can be uniquely identified anatomically and physiologically because they project axons across the midline.
Anatomical Organization
The basic organization of CINs in the hindlimb region of the spinal cord has been revealed by lesioning studies that have demonstrated left-right coordination is mediated by ventrally located CINs (Kjaerulff & Kiehn 1996) and that the left-right coordination is distributed over extended regions of the hindlimb spinal cord (Cowley & Schmidt 1997 , Kjaerulff & Kiehn 1996 , Kremer & Lev-Tov 1997 . Anatomical tracing studies and intracellular staining studies have shown that CINs in the ventral mammalian spinal cord (laminae VII, VIII, and X) can be subdivided into two major categories based on their axonal projection: intrasegmental and intersegmental CINs. Intersegmental CINs have long axons that project at least two segments. They can be subdivided into (a) ascending CINs, (b) descending CINs, and (c) bifurcating CINs (Bannatyne et al. 2003 , Eide et al. 1999 , Hoover & Durkovic 1992 , Nakayama et al. 2002 , Nissen et al. 2005 , Stokke et al. 2002 . It is plausible these anatomically defined groups of cells serve distinct roles in the locomotor circuits and they are therefore considered in separate sections below.
Activity in Descending Commissural Interneurons are Involved in Binding Synergies Across the Cord
Descending CINs (dCINs) located in the ventral horn in lumbar segment L2 of the spinal cord and which have axons projecting contralaterally at least as far as lumbar segment L4 have been studied extensively in the rodent (Butt et al. 2002a (Butt et al. , 2002b . Three-quarters of these neurons show rhythmic activity with the locomotor pattern.
In contrast to what is found in the lamprey and tadpole, these dCINs fired at all phases of the cycle, both in phase and out of phase with ipsilateral flexor motor neurons. Analysis of the synaptic effects on L4 motor neurons revealed that L2 dCINs are composed of a mixed population of glutamatergic and glycinergic neurons, many of which terminate directly onto flexor and extensor motor neurons in L4. When comparing the phase of firing with the synaptic effect on motor neurons, it was predicted that the L2 dCINs serve a role in providing appropriate drive to flexorand extensor-timed motor neuron activity in more caudal spinal segments. Thus, dCINs that fire in phase with ipsilateral flexors can excite contralateral extensor motor neurons via a glutamatergic pathway, whereas others inhibit contralateral flexor motor neurons via a glycinergic pathway (Figure 5) . dCINs that fire in the extensor phase inhibit contralateral extensors and excite contralateral flexors. These findings indicate that L2 dCINs assist in binding synergies across the cord to provide the appropriate crossed muscle coordination during locomotion. Although the dCINs make up a heterogeneous group of neurons, their activity is coordinated as a functional unit. These experiments show that by carefully relating the firing pattern and the postsynaptic effects, it is possible to deduce the role of a group of rhythmically active interneurons in the CPG. Populations of dCINs located in the CPG region of the cat (lamina VIII) show many similarities to those described in the rodent. These dCINs have somata located in L3-L5 in the cat (corresponding to Th13-L2 in the rodent) and axons projecting to extensor motor neurons in L7 (corresponding to L4/L5 in the rodent) (Bannatyne et al. 2003; Edgley et al. 2003; Hammar et al. 2004; Jankowska et al. 2003 Jankowska et al. , 2005a Jankowska et al. , 2005b Krutki et al. 2003; Matsuyama & Jankowska 2004) . They appear to provide monosynaptic glutamatergic or glycinergic, as well as polysynaptic, inhibitory inputs to caudal motor neurons (Bannatyne et al. 2003 . The axonal projections of the dCINs are widespread over many segments and often have arborizations both within the motor neuron pools and in the intermediate area where putative CPG interneurons are located, suggesting www.annualreviews.org • Mammalian Locomotor CPGsthese dCINs not only coordinate motor neuron activity, but also provide direct input to interneurons on the contralateral side (Bannatyne et al. 2003 . Although it has not been shown directly that these midlumbar dCINs were rhythmically active during locomotion, suggestive evidence comes from the fact that these cells receive monosynaptic input from large reticulospinal interneurons that in turn are active during locomotion. In a separate study, however, showed that all dCINs located in L4-L6 of the cat are rhythmically active during locomotion evoked by stimulation of brainstem and midbrain locomotor regions. All together this suggests the dCINs in the cat may be functionally organized in a similar way to that described in rodents.
Role of Ascending Commissural Interneurons
Rhythmic, ascending lumbar CINs, some of which are cholinergic, have been described both in the cat (Huang et al. 2000 ) and the rodent (Carlin et al. 2006 , Zhong et al. 2006 ). Many of these neurons have long, ascending fibers and might therefore, in addition to being involved in hindlimb coordination, provide rhythmic signals to the forelimb region of the spinal cord or the brainstem. Indeed recent experiments show that the hindlimb CPG provides strong rhythmic inputs to the forelimb CPG and that part of this drive is crossed inhibition (Juvin et al. 2005) .
Ascending CINs have also been classified by their expression pattern of transcription factors. Of the four metaclasses of interneurons characterized in this way, two of them, V0 and V3 interneurons, include CINs (Goulding & Pfaff 2005 , Goulding et al. 2002 , Pierani et al. 2001 . V0 interneurons constitute a group of pure CINs with ascending axons, whereas V3 interneurons constitute a mixed population of CINs and ipsilaterally projecting interneurons. The V0 population can be ablated from the cord by knocking out the fate-determining transcription factor Dbx (developing brain homeobox) that is expressed in progenitors to V0 interneurons (Figure 6a) (Lanuza et al. 2004; Pierani et al. 1999 Pierani et al. , 2001 ). These interneurons make monosynaptic connections to contralateral motor neurons (Figure 6b) . When ablated (Figure 6b) there is a change in the left-right coordination (Figure 6d ) , with periods of synchrony intermingled with normal alternation. This observation led Lanuza et al. (2004) to suggest that V0 interneurons are directly involved in the left-right alternation during locomotion. That the left-right alternation was not completely replaced by left-right synchrony indicates that other CINs belonging to a non-V0 group of interneurons are involved in left-right alternation.
Functional Organization of Intrasegmental Commissural Interneurons
The intrasegmental connections are likely to play a direct role in organizing the left-right coordination between segmental, homonymous muscles. Studies using a longitudinal split-bath preparation in the rodent suggest a substantial proportion of the crossed intrasegmental coordination during alternating activity is mediated via glutamatergic CINs that act on inhibitory interneurons located ipsilateral to the motor neurons (Kjaerulff & Kiehn 1997) . Possible candidates for these relay interneurons are Ia-INs and RCs. In addition to this indirect effect, there also appears to be direct inhibitory connections from CINs onto motor neurons during alternating activity. Direct support for this network connectivity comes from studies in mice and the cat that show that Ia-IN and RCs can be excited directly by CINs (Jankowska et al. 2005b ; H. Nishimaru, C.E. Restrepo & O. Kiehn, manuscript submitted) and that intrasegmental CINs in mice can provide both mono-and polysynaptic inhibition of motor neurons (Quinlan & Kiehn 2005) (Figure 7) . Deletion of the spinal V0 commissural interneuron population leads to increased left-right synchrony during locomotion. (a) Summary of changes in V0 cell fate in the Dbx1 mutant spinal cord. Knockout of the Dbx1 gene causes a loss of the V0 population that is composed of V0 D (dorsally located) Evx1 negative neurons and V0 V (ventrally located) Evx1 positive neurons. The V1 loss is accompanied by an increase in the V1 population (ipsilaterally projecting inhibitory neurons) and the dorsally located dI6 population, which is also comissurally projecting. dI6, dorsal interneurons 6; Lbx, ladybird family homeobox. (b) V0 interneurons make synapses with contralaterally located motor neurons (MN) as shown by trans-synaptic transport of pseudorabies virus (PRV-GFP) from motor neurons to interneurons 36 or 48 h after injection of PRV into the muscle. V0 interneurons are shown in yellow, whereas commissural interneurons that were non-V0 are shown in green. (c and d) Locomotor activity in Dbx1 mutant mice. Schematic of recording setup with recordings of activity from left and right L2 (lL2, rL2) and from left L5 (lL5) ventral roots. Locomotor activity induced by a combination of NMDA and 5-HT. Appropriate left-right alternation (lL2 and rL2) is observed in wild-type mice as is flexor (lL2) and extensor (lL5) alternation. This is seen as phase values of approximately 0.5 in the circular plots to the right. In the Dbx1 mutant the locomotor activity exhibits periods of synchronous activity in the lL2 and rL2 ventral roots as well as alternation whereas the flexor-extensor alternation appears normal. The disturbances in left alternations in Dbx1 mutants are seen as two clusters of phase values in the circular plot of lL2-rL2, one at approximately 0.5 representing alternation and a smaller one at approximately 1.0 representing synchronicity. Data in panel a adapted from Pierani et al. (2001) and Lanuza et al. (2004) . All other data adapted from Lanuza et al. (2004) In addition to inhibitory pathways, direct excitatory pathways are also found between intrasegmental CINs (sCINs) and segmental motor neurons on the contralateral side (Quinlan & Kiehn 2005) (Figure 7) . The emerging picture from these findings is that there is a dual intrasegmental CIN system that inhibits segmental motor neurons via (a) polysynaptic inhibition mediated by glutamatergic sCINs and local ipsilaterally projecting inhibitory interneurons including RCs and Ia-INs and (b) monosynaptic inhibition mediated via glycinergic/GABAergic sCINs. In addition to the inhibitory pathways, glutamatergic sCINs can excite motor neurons directly. The CIN circuitries found in mammals are thus much more complex than those described in lamprey and tadpole where locomotor-related CINs are glycinergic and monosynaptically connected to neurons on the contralateral side. Although the segmental CIN connections onto motor neurons will contribute directly to their activity, they are obviously not responsible for the precise coordination of rhythmic activity on the two sides of the cord. For this to happen, CINs need to connect to rhythmgenerating CPG elements on the other side of the cord. In the lamprey and tadpole, inhibitory CINs connect to excitatory interneurons, local inhibitory interneurons, and contralateral CINs as well as motor neurons on the other side of the cord. It is the direct inhibition of excitatory interneurons (the rhythmgenerating core) that is thought to cause the switch from activity to silence. Because the rhythm-generating core has not been defined in mammals, it is unknown if a similar connectivity pattern is present in mammals. Some phylogenetic conservatism seems, however, to be in place because CINs in mammals, like in lamprey and tadpole, are reciprocally connected across the cord (Birinyi et al. 2003) .
Another important issue related to the intrasegmental CINs is what happens when the coordination is changed from alternation to synchrony. One possibility is that the crossed dual inhibitory systems are active during walking, whereas the excitatory systems are active during segmental synchronous activity such as hopping or gallop. These two systems are then turned on and off during the different patterns of activity. Another possibility is that gait changes happen because of a slight change in the balance between inhibitory and excitatory crossed actions. This implies both systems are active simultaneously, but one or the other system dominates depending on the gait. The latter hypothesis is made conceivable by experiments in knockout mice with an abnormal increase in crossed excitation that leads to a hopping gait (Kullander et al. 2003) . In these experiments the right-left synchrony could be switched into alternation by pharmacologically increasing the drive in the normal inhibitory CIN system, thereby changing the balance between crossed excitation and inhibition. How such a change of balance could take place during normal gait changes is, of course, unknown. One possibility is that descending modulatory fibers have specific inhibitory and/or excitatory actions on the crossed inhibitory and excitatory CIN pathways (Hammar et al. 2004 ).
Commissural Interneurons and Rhythm Generation
Are CINs involved in rhythmogenesis in mammals? Clearly they are not the only source because the rhythm can be induced in the hemicord both in rodents (Bonnot et al. 2002 , Kjaerulff & Kiehn 1997 , Kudo & Yamada 1987 , Nishimaru et al. 2006 ) and the cat (Kato 1987) . However, when only one side of the cord is active, the locomotor period is significantly longer while the burst amplitude is unchanged (Kjaerulff & Kiehn 1997) . This observation strongly suggests CINs have a rhythmogenic role in the mammalian locomotor CPG in addition to their role in coordinating the left-right activity, similar to what has been observed in the turtle (Stein et al. 1995) .
GENETIC NETWORK CRACKING
The large numbers of cells present in the mammalian spinal cord place major constraints on electrophysiological network analyses of the locomotor CPG. Although neurons belonging to a certain population are not randomly distributed in the ventral horn, they are always intermingled with other cell populations, which makes it a tedious task to repeatedly record from identified populations of neurons and characterize new ones. Labeling of neurons with genetically encoded reporters such as green fluorescent protein or beta-galactosidase expressed under the control of specific promoters has therefore proven to be a powerful tool for CPG network analysis in mice (Butt et al. 2005 , Hinckley et al. 2005 , Wilson et al. 2005 ; see also Fetcho & Bhatt 2004) . Electrophysiological techniques, although needed to reveal functional connectivity and cellular properties, also fail to establish causality between the activity in a group of neurons and its function in the CPG. For example, although we can deduce the function of the different groups of CINs from their firing properties and functional connectivity, AlstR: allatostatin G-protein coupled receptor this analysis will never allow us to determine if these populations are necessary or sufficient to encode a particular aspect of the locomotor behavior. Such knowledge can only be obtained from functional gain or loss experiments by selectively activating or inactivating specific groups of neurons in the network. Functional loss studies using pharmacological manipulation of cellular properties or selective killing of neurons with substance-P-saporin (Gray et al. 2001) have been used in the respiratory CPG. Another approach is to use genetically controlled manipulations, where the manipulations are performed in a cell-specific manner. These manipulations include cell knockout and electrically silencing cells, specific block of synaptic release, or photochemical activation (for details and discussion of technical/experimental difficulties, see Callaway 2005 , Kiehn & Kullander 2004 , Miesenbock & Kevrekidis 2005 . Knockout of genetically defined populations of spinal interneurons has, as described above, already given important information about the contribution of groups of interneurons to the generation and/or coordination of the motor output (Gosgnach et al. 2006 , Lanuza et al. 2004 . Chronic perturbations of the network might, however, cause activity-dependent reorganization of the CPG (Myers et al. 2005 ).
An important addition to the chronic genetic manipulations is, therefore, the ability to inactivate or activate the cell populations acutely and reversibly. Such acute, reversible methods have now been developed both for activation (Lima & Miesenbock 2005 , Miesenbock & Kevrekidis 2005 and for inactivation of neuronal activity (Callaway 2005) . One of the acute inactivation methods is the cell-specific expression of the Drosophila allatostatin G protein-coupled receptor (AlstR), which is not found normally in the mammalian central nervous system and, when activated by its agonist, activates an inward rectifier and thereby decreases neuronal excitability (Callaway 2005 , Lechner et al. 2002 been used in locomotor experiments to express the AlstR selectively in inhibitory V1 interneurons (Gosgnach et al. 2006) . Acute activation of the AlstR in V1 neurons markedly lengthened the step cycle similar to what was seen when V1 neurons where chronically inactivated in the Pax6 −/− EN1-DTA mice (Figure 8 ). These types of experiments demonstrate that the acute silencing of a select population of neurons using genetic approaches can be used to elucidate their function with respect to a defined behavior. The silencing techniques therefore provide powerful tools to dissect the network. It will be advantageous, however, to combine them with genetically driven activation techniques. For example if the selective activation of a group of excitatory CPG neurons leads to rhythmic motor outputs, it would strongly suggest these cells are directly involved in rhythm generation (see Role in Rhythm Generation, above).
Despite the promising role for genetic approaches to dissect neuronal networks and technical problems notwithstanding, there are also reasons to be cautious. In its ideal version the genetic approach is based on the assumption that functional groups of spinal interneurons can be uniquely characterized by the expression of one or a few molecular markers.
In reality none of the published genetic markers are completely specific to interneurons (HB9), nor do they delineate an entirely homogenous group of interneurons (transcription factors expressed in V0-V3 interneurons or EphA4). Results from genetic manipulation of a mixed population of interneurons, therefore, need to be interpreted carefully, and more selective markers for functional populations of neurons are strongly needed. Thus selective molecular markers for electrophysiologically defined populations of putative CPG neurons such as the Ia-INs, RCs, excitatory EphA4 neurons, or intrasegmental inhibitory and excitatory CINs would be of tremendous value. It is possible such markers will appear as a result of large genetic screening of neuronal markers (Gong et al. 2003 , Gray et al. 2004 . With luck such screening procedures could also reveal specific expression patterns of molecular markers that might provide the basis for the identification of new populations of mammalian locomotor CPG interneurons.
SUMMARY AND PERSPECTIVES
Over the past decade there has been a rapid advance in our knowledge of the mammalian locomotor network. Important aspects of the overall network structure have been revealed from lesioning and pharmacological studies. Together these studies strongly indicate that the mammalian locomotor CPG is distributed along the spinal cord, with a rostral-caudal gradient in rhythmogenic potential. Pharmacological experiments also suggest that the rhythmogenic core of the network is composed of excitatory, ipsilaterally projecting interneurons. Although these cells have not be identified with certainty, rhythmically active, non-overlapping populations of excitatory interneurons (which are candidate neurons to provide direct or indirect rhythmic input to ipsilateral motor neurons during locomotion, and thus could be generating the rhythm) have been localized both in the cat and the mouse spinal cord. The evidence that these cells are involved in rhythm generation is indirect, however, and future experiments should therefore aim at developing inactivation or activation experiments that can directly and definitively define neurons as members of the excitatory core circuitry, determine how these circuits generate rhythmic bursting, how they are coupled along the cord, and how ipsilaterally projecting inhibitory neurons are connected to the excitatory core circuitry and how they are playing a role in setting the speed of locomotion.
In addition to the rhythm-generating excitatory core, two other elements in the network can be isolated: flexor and extensor coordinating circuits and left-right coordinating circuits. Knowledge about the extensorflexor coordination circuitries is at the moment rudimentary. Known ipsilaterally projecting inhibitory interneurons, such as RCs and Ia-INs, may contribute to rhythmic motor neuron inhibition but genetic knockout and silencing experiments indicate that although these inhibitory cell populations are dispensable for flexor-extensor coordination, they are involved in speed regulation. A major aim of future studies should therefore be to identify the population of interneurons directly involved in flexor-extensor coordination in the mammalian walking CPG.
The left-right coordinating circuitries are those network circuitries best understood in the mammalian walking CPG. Anatomical and electrophysiological analyses both in the cat and rodent have shown that these complex circuitries are composed of intrasegmental and intersegmental CINs that are both excitatory and inhibitory. A functional analysis of these circuitries suggests that intrasegmental CINs are involved in binding motor synergies along the cord, whereas intersegmental CINs appear to be directly involved in the coordination of homonymous muscle activity at a segmental level. These studies clearly demonstrate that the mammalian CPG connectivity pattern is complex but that it can be revealed to a level where basic understanding of the network component can be deduced.
Genetic approaches are an important new addition to the classical electrophysiological network analysis in mammals. These approaches can potentially directly link a population of interneurons to a network function by selectively silencing or ablating the population from the network. Such experiments have recently been applied to the mouse spinal cord and have given new insights to the function of identified populations of spinal interneurons, like the En1 ipsilaterally projecting inhibitory interneurons. The power of these experiments is obvious. However, to be fully successful the experiments need to be applied to more specific, homogenous neuronal populations than those defined by the presently available molecular markers. For this to happen a recursive process involving molecular, anatomical, and electrophysiological approaches is needed.
When comparing what is known about the mammalian walking CPG with the much better understood vertebrate swimming CPGs, it is clear that some elementary features of the vertebrate spinal locomotor network structure are preserved phylogenetically. Notably, the CPG network is distributed and includes excitatory neurons that are responsible for rhythm generation and glycinergic CINs that are directly involved in left-right alternation.
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These basic network elements outline general principles of organization and function in vertebrate locomotor circuitries. Notwithstanding these similarities in network design there are also significant differences. New network elements appear to be added to the CPG network when moving from a nonlimbed to a limbed animal. These elements include CIN circuitries that are more complex segmentally than in the swimming CPG, as well as CIN circuitries that bind motor synergies across limbs and ipsilateral inhibitory networks involved in flexor-extensor coordination. Moreover, whereas network elements in the swimming CPG appear to be composed of homogenous populations of neurons, similar network elements (e.g., the excitatory core) in the walking CPG appears to be composed of more heterogeneous populations of neurons. The added network complexity that makes the walking CPG significantly different from the swimming CPG is probably a reflection of the high flexibility in mammalian locomotion that allows for the production of many different gaits and their functional adaptation across changing environments.
